AUTHOR SUMMARY
The plasma membrane is the interface between a cell and its environment. Small regions of this membrane can invaginate or fold inward into the cell's interior and then pinch off as selfcontained membrane-bound spheres called vesicles. These vesicles carry molecules from the cell's surroundings and from the plasma membrane into the cell. This process is called endocytosis, and it is crucial for a diversity of cell processes, such as nutrient uptake and reducing the transmission of molecular signals by removing cell surface molecules. This study addressed the mechanisms by which cellular proteins accomplish the two major steps of endocytosis: (i) inducing curvature in the plasma membrane to form invaginations of the appropriate geometry and (ii) releasing the vesicles thus formed into the cell's interior.
The membrane remodeling steps that form an invagination and pinch off a vesicle are achieved through interactions between proteins and lipids that are regulated in time and space (1) . Numerous studies have documented activities of individual endocytic proteins in living cells or when purified and analyzed biochemically. Most of the proteins that mediate endocytic vesicle formation have therefore likely been identified. However, the actual biological functions of these proteins are not wellstudied. They can only be understood by disrupting the function of each protein in living cells during endocytosis and analyzing the effects. Thus, in this study, we determined the in vivo functions of these proteins and identified the properties that emerge when their different activities are combined during endocytosis in living cells.
Despite the facts that endocytosis in yeast but not in mammals is strongly dependent on polymerization of the cell skeleton (cytoskeleton) protein actin, that the GTPase dynamin (a regulatory protein that participates in vesicle formation) does not play an obligate role in scission, and that the yeast endocytic sites are tubular invaginations rather than spherical pits, a remarkably high degree of conservation exists among endocytic proteins across species. In addition, many aspects of endocytic dynamics and mechanisms seem similarly conserved, and this indicates that what is learned in yeast is likely to apply in mammals (2) (3) (4) (5) . Using a genetic enhancer strategy in which one tests for synergy when two mutations are combined, we analyzed double mutants by using two techniques, live-cell imaging and electron microscopy.
During endocytic vesicle formation, distinct areas along the membrane invagination are specified by different proteins. These proteins bend the membrane and drive scission, the cut- (Fig. P1) . Additionally, we found that a well-known process called actin assembly and Rvs161/167 cooperate to drive the formation of deep tubular invaginations. Finally, we found that Bzz1, acting at the invagination base, stabilizes endocytic sites and works with Rvs161/ 167, which is localized along the endocytic membrane tubule, to achieve the proper endocytic membrane geometry for efficient scission. Together, our results reveal that dynamic interplay between a lipid phosphatase, actin assembly, and membranesculpting proteins leads to proper membrane shaping, tubule stabilization, and scission.
Although it was known from earlier studies that F-BAR and BAR proteins can induce the formation of membrane tubules under artificial conditions, our studies of these proteins in the context of their normal physiological process of endocytosis suggest that their most important biological roles may be in stabilizing and constricting the endocytic tubules and working with other proteins and processes to drive vesicle scission, the underlying mechanisms of which have yet to be determined. . We propose that Bzz1 F-BAR protein is recruited to endocytic sites when the membrane has a relatively low curvature and assembles a rigid invagination base (step 1). Bzz1 binds to another protein, Las17, and we propose that these proteins form a stable base that resists actin assembly, enabling efficient actin assembly-driven endocytic tubule extension and constriction, which, in turn, generate higher membrane curvature (step 2). The BAR-domain proteins are then recruited to these more highly curved membrane tubules, working cooperatively with actin assembly forces to create deeply invaginated endocytic membranes, resulting in further tubule constriction (step 3) and, ultimately, in scission (step 4).
